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Abstract:   
This paper evaluates the effect of hyper-alkaline (NaOH/KOH) leachate on the mineralogy and 
porosity of a generic quartzo-feldspathic host rock for intermediate- and low-level nuclear waste 
disposal following permeation of the cementitious repository barrier by groundwater. The analysis is 
made with reference to expected fluid compositions that may develop by contact of groundwater 
with the cementitious barrier to form a chemically disturbed zone (CDZ) in the adjacent host rock, as 
informed by relevant natural analogue sites. Theoretical analysis and numerical modelling is used to 
explore the influence of different host rock mineral assemblages on changes in pore fluid chemistry, 
multiple mineral dissolution and precipitation reactions and matrix porosity within the CDZ under 
these conditions. The numerical modelling accounts for kinetic and surface area effects on the 
mineral transformation and porosity development for periods of up to 10000 years travel time from 
the repository and ambient temperature of 20eC. The analysis shows that dissolution of quartz, 
feldspar and muscovite in the host rock, by the hyper-alkaline waste leachate, will create relatively 
high concentrations of dissolved Si and Al in the pore fluid, which migrate as chemical fronts within 
the CDZ. Precipitation of secondary mineral phases is predicted to occur under these conditions. The 
increase in matrix porosity that arises from dissolution of primary aluminosilicate minerals is 
compensated by a reduction in porosity due to precipitation of the secondary phases, but with a net 
overall increase in matrix porosity. These coupled physical and geochemical processes are most 
important for contaminant transport in the near-field zone of the CDZ and are eventually buffered 
by the host rock within 70 m of the repository for the 10000 year travel time scenario. The predicted 
changes in matrix porosity may contribute to increased transport of radionuclides in the host rock, in 
the absence of attenuation by other mechanisms in the CDZ.  
Keywords: nuclear waste disposal, mineral evolution, porosity changes, sandstone, CDZ  
1 Introduction  
The expected disposal of UK intermediate level nuclear waste in a subsurface engineered repository 
requires consideration of the fate and transport of contaminants in the geosphere following 
eventual failure of waste containers and barrier components and release of mixed waste leachate 
from the repository. Failure of the barrier components will result in a hyper alkaline plume, formed 
by permeation of groundwater through the cementitious barrier and wasteform into the near-field 
environment around the repository. The migration of the hyper-alkaline plume creates a chemically 
disturbed zone (CDZ), which is an important interface for geochemical, mineralogical, biological and 
physical transformations and reactions between components in the waste leachate and the host 
rock around the repository. The CDZ is characterised by steep biogeochemical gradients within the 
near field of a nuclear waste containe, and may provide a critical control on behaviour and transport 
of radionuclides in the waste leachate.    
 
The alkaline leachate composition will evolve over time as different mineral phases in the 
cementitious barrier contribute to reactions with groundwater. It is necessary to understand how 
this dynamic chemical system affects the mineralogical and porosity evolution of the host rock to 
evaluate the impact on contaminant migration and attenuation within the CDZ, to support a safety 
case for repository design and understand the environmental risk of barrier failure. This behaviour 
includes dissolution and precipitation of mineral phases as the alkaline pH leachate composition 
evolves over time. It will likely involve several cycles of precipitation and re-dissolution of mineral 
phases, whose geochemical stability is controlled by the leachate chemistry and leachate-mineral 
reactions. In turn, this will influence the porosity evolution of the host rock as mineral phases are 
developed over time, with related affects on fluid permeability and element cycling. 
 
Laboratory batch and column experiments are typically used to investigate geochemical processes 
and mineralogical transformations that occur in geological materials impacted by high alkaline pore 
fluids (Corkhill et al., 2013). While these provide the essential conceptual understanding and 
parameter values for numerical modelling studies, there is a need to up-scale these observations to 
interpret the effect of variation in hyper-alkaline leachate composition on porosity and mineralogical 
evolution in the CDZ over representative time-scales in the near field host rock around a deep 
geological nuclear waste repository. This can be conveniently achieved by considering scenarios 
developed from related laboratory studies as a natural analogue of the CDZ evolution in a 
representative waste repository host-rock composition. Generally, a natural analogue is defined as 
'an occurrence of materials and processes which resemble those encountered in a proposed 
geological repository' (Chapman, 1986; Milodowski, 2009). Currently, research on natural analogues 
of alkaline plumes has focused on two examples, at Khushaym Matruk and Maqarin in Jordan. At the 
Khushaym Matruk site the influence of high-alkaline solutions on a natural argillaceous formation 
has been studied as a natural analogue of a clayey barrier (Techer et al., 2006), while studies at the 
Maqarin Natural Analogue Project site have focused on the characterisation and evolution of hyper-
alkaline leachate pore fluids over time (Khoury et al., 1992; Alexander et al., 1992; Clark et al., 1994). 
This site provides a rare opportunity to examine the influence of cement pore fluids on radioactive 
and chemotoxic wastes, when influenced by the dissolution of calcium silicate hydrate gel phases 
and portlandite. Several investigations have been conducted at the Maqarin site as a consequence of 
increased interest in deep geological disposal of nuclear waste (Alexander et al. 1990; Linklater 1998; 
Smellie, 1998). These have deduced three different hyperalkaline groundwater compositions, 
denoted as "Western Springs" (early, active, high-pH NaOH/KOH leachate), "Eastern Springs" 
(intermediate, active, lower pH Ca(OH)2-buffered leachate) and "Daba Region" (late, inactive (fossil), 
lower pH silica-dominated leachate), which are believed to be analogous to three different stages in 
the theoretical evolution of a cementitious repository for the disposal of low- to intermediate-level 
nuclear wastes. This chemical evolution is shown schematically in Figure 1.  
 
Several studies have examined the interaction of high-pH plumes with geological materials (e.g. 
rocks and clays used in engineered barriers for radioactive waste containers) from different 
perspectives (Adler et al., 1998; Steefel and Lichtner, 1998; Soler, 2003). These include the effects of 
high-pH fluids on fractured rock (Berner, 1998; Neall, 1994a; Neall, 1994b) and modelling 
interactions between hyperalkaline fluids and bentonite (Savage et al., 2002). The latter study found 
that porosity changes may occur in the host matrix due to precipitation of secondary phases under 
such conditions.    
However, few studies have combined the coupled influence of porosity change and high-pH leachate 
with multiple kinetic chemical reactions and mineralogical dissolution in geological materials that 
may represent the generic composition of a host rock for a deep GDF. The aim of this study is to 
examine the effect of high pH leachate (similar to the "Western Springs" composition mentioned 
above) on mineralogical transformations and porosity evolution that may occur in the geosphere as 
the hyper alkaline plume develops within the CDZ adjacent to a GDF, following failure of the 
containment barrier. Sandstone was used for experimental reasons in laboratory studies supporting 
this modelling work to represent a generic rock composition. The sandstone is mineralogically and 
geochemically similar in basic composition to low permeability geological materials which are 
expected to be a host rock for a GDF. Attention in the modelling study is focused on the quantitative 
description of geochemical reactions, mineralogical transformations and matrix porosity changes 
that occur as a high-pH Na/KOH leachate breaks through sandstone in column experiments. Other 
chemicals in the initial leachate such as Ca2+ have been assumed absent in this study, due to very low 
content in the leachates used.  
2 Leachate and host rock composition 
The high-pH (NaOH/KOH) leachate which originates from the cementitious barrier in the repository 
after groundwater breakthrough has the Western Spring composition in the Maqarin site as a 
natural analogue (Fig 1). In the present study the fluid representing this chemical composition 
(NaOH = 5.2g/l and KOH = 3.8g/l) was designated Young Cement Leachate (YCL) and used with the 
sandstone sample (below) in column experiments completed by the British Geological Survey within 
the BIGRAD consortium. The background water saturating the sandstone column before YCL 
breakthrough is assumed to be pure water for simplification. Permo-Triassic sandstone from the 
Bromsgrove Formation in the UK Midlands was used to represent a generic host rock mineralogy and 
geochemistry for the modelling study, with a bulk composition shown in Table 1.  
3. Modelling approach 
3.1 Mineral assemblage considered 
The geochemical code PHREEQC (Parkhurst and Appelo, 2010) and coupled analysis software 
Toughreact (Xu et al., 2006) were used to perform the numerical simulations in this study. The main 
primary minerals in the sandstone matrix are quartz (75.5%) and K-feldspar (16%). As quartz is the 
dominant primary mineral and could play an important role in the phase dissolution, numerical 
simulations were first performed for transport of YCL through a column comprising quartz only. 
Simulations of YCL transport through a quart column with K-feldspar added were then completed to 
observe the influence of this phase on the mineral equilibria. Other minor minerals, such as 
Illite/chlorite/smectite (3.7%), kaolinite (3.5%) and muscovite (0.7%) were included in later 
simulations. However, based on the results of the linked laboratory studies phlogopite (0.2%), 
apatite (0.2%) and TiO2 (0.3%) were excluded due to their very low percentage in the sandstone and 
limited influence on the geochemical process observed. 
Potential secondary minerals that may develop within the hyper-alkaline plume were selected 
according to field and experimental observations, and also from equilibrium geochemical model 
calculations made using PHREEQC. These phases were allowed to precipitate if conditions allow. For 
the primary minerals, the relationship between K-feldspar, kaolinite and muscovite may be 
considered a series of weathering reactions described by acid-base reactions (Weaver, 1989; Appelo 
and Postma, 2010), presented below. 
 
(1) K-feldspar (primary mineral) forming kaolinite (secondary mineral)  
2KAlSi3O8(K-feldspar) + 2H+ + 9H2O Ù Al2Si2O5(OH)4(kaolinite) + 4H4SiO4(aq) + 2K+ 
 
Kaolinite is normally formed by weathering or hydrothermal alteration of aluminosilicate minerals . 
Rocks rich in feldspar commonly weather to kaolinite.  
 
(2) Muscovite (primary mineral) may also react to form kaolinite, based on experimental evidence 
(Kiryukhin et al., 2008) 
2KAl3Si3O10(OH)2 (muscovite) + 2H+ + 3H2O Ù 3Al2Si2O5(OH)3 (kaolinite) + 2K+ 
 
As a high temperature secondary phase, kaolinite may form under temperatures of 70oC (Kiryukhin 
et al., 2008), but this reaction is unlikely for a Intermediate-Level Waste or Low-Level Waste (I/LLW) 
disposal scenario with a temperature around 25oC. Kaolinite was therefore not included as a 
secondary phase. Other clay minerals in the sandstone include the illite group and smectite group 
(3.7%), in which smectite is the only swelling mineral. The most common smectite mineral is 
montmorillinite, with the general chemical formula : 
(Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2·nH2O 
 
Montmorillonite potentially increases greatly in volume when absorbing water to change the host 
matrix porosity. As it often occurs intermixed with muscovite, illite, and kaolinite, it has great 
potential to be a secondary phase in sandstone. Smectite group clays, including pyrophyllite, 
montmorillonite, beidellite, nontronite, talc, saponite, hectorite and sauconite etc were also studied.  
3.2 Reactive transport and kinetics of mineral evolution 
3.2.1 Reactive transport  
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Law, which includes chemical osmosis and thermo osmosis (Chen et al., 2013; Chen and Hicks, 2013), 
was not included here to simply the discussion. Fractures were not considered in the analysis as the 
experimental columns were re-packed disaggregated sandstone with intergranular flow. The general 
formulation which describes chemical transport in porous media is (Appelo and Postma, 2010): 
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in which iC is the ith chemical component, uD is the Darcy velocity in D direction (D =1, 2 or 3 
which is the space coordinate), f is the porosity and Q is the sorption or reaction term.  
3.2.2 Kinetics and rates of multiple mineral dissolution or precipitation  
As mineral dissolution and precipitation kinetics may exert a strong control on the mineralogical and 
geochemical evolution of the CDZ, this section introduces how the rates, surface area, temperature 
dependence, precipitation and porosity changes must be considered in the analysis. The dissolution 
rate of minerals is controlled by the temperature and pH. This is normally obtained from 
experiments (Appelo and Postma, 2010). The overall rates can be described as (Appelo and Postma, 
2010):  
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in which kr  is specific reaction rate, 
0A
V
 is the initial surface area ˄m2˅/amount of solution 
˄kgw˅; 
0
( )nk
k
m
m
ˈ moles of solid at a given time/initial moles of solid ˄this is to account for 
changes in A0/V˅; for uniformly dissolving spheres and cubes n=2/3 ˄normally for experiment˅. 
Specific surface area 
Surface area is an important parameter which influences the kinetics of dissolution and precipitation, 
heterogeneous catalysis, adsorption and surface reactions. It denotes the total surface area of a 
mineral per unit of mass (m²/kg), solid or bulk volume (m²/m³ or mAL1). The surface area of a single 
mineral can be obtained experimentally, but remains a challenge for a multiple mineral assemblage 
such as the sandstone used in this study. In this case the surface area used for minerals was based 
on the literature, taken either from experimental studies or from published modelling assumptions. 
Sonnenthal and Spycher (2001) used a cubic array of truncated spheres making up the framework of 
rock to estimate mineral reactive surface areas. (Nagy, 1995) increased surface areas of clay 
minerals such as kaolinite, illite and smectite based on the smaller grain sizes of these sheet silicate 
minerals. The surface areas used in the present study (Table 2) were taken from Nagy (1995) and 
reduced by one order of magnitude in the numerical simulations to account for the difference 
between the reactive surface areas calculated from grain size and those of the hydrologically 
accessible mineral surface area (Xu, 2004; Tianfu et al., 2006; Xu et al., 2010). 
Temperature dependence 
As rate kr may be constant at a fixed temperature, then it is normally called a rate constant. However, 
it is a highly temperature dependent coefficient, but as most rate constants are reported at 25°C, it 
may be convenient to approximate the dependency of the rate constant as a function of 
temperature (Steefel and Lichtner, 1998).  
Mineral precipitation 
Mineral precipitation processes are very complex and include nucleation, crystal growth, Ostwald 
ripening processes and the calculation of the reactive surface area, which are quite different from 
dissolution processes (Steefel and van Cappellen, 1990). Such processes for mineral precipitation are 
not considered in this paper. No precipitation rate data exist from experiments for most minerals 
and in this study the precipitation kinetics were assumed to be the same as that of dissolution.  
Porosity changes 
Mineral precipitation and dissolution may strong affect porosity in the host porous media (Xu, 2004; 
2008; Tianfu et al., 2006). The molar volumes of secondary phases generated by hydrolysis reactions 
are often larger than those of the primary reactant minerals. For example, zeolites or clays, which 
may be secondary hydrous phases of feldspars reacting with aqueous fluids, have a larger molar 
volume than feldspars. Such process may then reduce the matrix porosity.  
4. Conceptual model   
The conceptual model developed for the scenario considered in this study consists of a 100m 1-D 
numerical model domain with a homogeneous sandstone matrix and steady-state transport of YCL 
for different time periods (Figure 2). 100 cells have been used for the 100m model (1m/cell), with a 
the time step of 1.E08 s. The flow rate was set at 1E-3 m/yr, giving a simulated timescale around 
10000 years. The YCL was injected from the left side with flow out from the right side. Tables 1-3 
show the parameters required for the modelling. The following components were included in the 
numerical simulations :  
(1) Mixing of a high-pH plume with background groundwater 
(2) High-pH alkaline plume transport with consideration of multiple chemical reactions 
(3) Kinetic dissolution and precipitation of multiple primary minerals  
(4) Kinetics precipitation of multiple secondary minerals  
(5) Mineral dissolution and precipitation coupled with mineral volume changes  
(6) Volume change coupled with flow and transport  
5 Results and discussion   
To give a full understanding of YCL interactions with minerals in the sandstone, the following analysis 
has been divided into four sections with added complexity in each subsequent section. As quartz is 
present at 75% in the sandstone Analysis 1 assumes that the sandstone contains quartz only; in 
Analysis 2 the second most important mineral in the sandstone, K-feldspar, has been included; in 
Analysis 3 other minerals such as kaolinite, muscovite and illite have been included in the numerical 
simulations. The results are presented for simulated timescales of 10, 100, 1000 and 10000 years. 
Analysis 1: YCL transport through porous media containing quartz  
YCL transport through quartz sand was first studied to assess the influence of only this mineral on 
phase transformations. A numerical batch experiment with sufficient quartz dissolving into YCL was 
studied first using PHREEQC to find the potential secondary phases. As YCL only contains K, Na and 
OH, with very little Ca, no secondary mineral phase precipitated.   
In this simulation YCL transport results in a progressive increase in pore fluid pH and Na + along the 
flow path over time from 10 to 10000 years (Figure 3a and b). Quartz dissolves into the YCL following 
ĂŬŝŶĞƚŝĐƌĞĂĐƚŝŽŶ ?ǁŚŝĐŚŝŶĐƌĞĂƐĞƐƚŚĞ^ŝĐŽŶĐĞŶƚƌĂƚŝŽŶ ?dŚŝƐĨŽƌŵƐĂ ?^ŝǁĂǀĞ ?ǁŚŝĐŚŵŝŐƌĂƚĞƐƚŽƚŚĞ
far-field of the host rock over time (Figure 3c). Due to the quartz dissolution, the matrix porosity 
increases over time (Figure 3d). The porosity increases in the near-field of the GDF much more than 
in the far-field. This feature moves progressively into the far-field over time. The corresponding 
quartz volume shrinkage is shown in Figure 3e. The influence of quartz dissolution on the pore 
volume change increases over time and is much stronger in the near-field (0-3m) than the far-field 
(>3m).    
Analysis 2.1 : YCL transport through porous media containing quartz and K-feldspar 
In this analysis, K-feldspar has been included in the modeling, with kinetic dissolution of both quartz 
and K-feldspar. YCL transport results in a progressive increase in pore fluid pH and Na over time from 
10 to 10000 years (Figure 4a and b). The concentration of AlO2 (not present in Analysis 1) increases 
over time from dissolution of the K-ĨĞůĚƐƉĂƌ ?ĨŽƌŵŝŶŐĂ “ůK2 ǁĂǀĞ ? ?ǁŚŝĐŚƉƌŽƉĂŐĂƚĞƐƚŚƌŽƵŐŚƚŚĞ
CDZ (Figure 4c). Figure 4d shows greater detail of the AlO2 concentration changes in the near-field. It 
shows that AlO2 will reach an equilibrium concentration of 0.0025 mol/L and then decrease, which 
may reflect precipitation of secondary phases. Figure 4e shows the K+ distribution, which originates 
from both the initial YCL concentration and also K-feldspar dissolution (the effect of the latter on the 
K+ concentration cannot be resolved due to the high background value in the YCL). Quartz 
dissolution produces increased SiO2  ?ĂƋ ) ? ǁŚŝĐŚ ĨŽƌŵƐ Ă  “^ŝ ǁĂǀĞ ? ƚŚĂƚ ŵŝŐƌĂƚĞƐ ƚŚƌŽƵŐŚ ƚŚĞ 
(Figure 4f). Significant quartz dissolution and increase in concentration of Si will occur in the near-
field of the GDF (Figure 4g). The overall porosity change due to the combination of dissolution and 
precipitation will still increase, due to significant dissolution of quartz and K-feldspar (Figure 4h). In 
the near-field (around 0-4m), the porosity changes significantly (Figure 4i). The volume change of K-
feldspar in the CDZ occurs over the whole distance, but is more significant within the near-field close 
to the barrier (Figure 4j and 4 k). 
Analysis 2.2 : Influence of K-feldspar on pH, Si and AlO2 
Analysis 1 and 2.1 compared the influence of YCL on quartz and quartz/K-feldspar in combination. 
The influence of K-feldspar on the reactions in the sandstone may be summarized in this section. 
Figure 5a compares the SiO2 (aq) distribution in the quartz-only simulation in Analysis 1 with the 
influence of K-feldspar in Analysis 2.1 ?dŚĞůĂďĞůƐ “ ? ? ? ?ǇƌƐ ?ǁŝƚŚ ) ? ?ŝŶǁŚŝĐŚ “ ?ǁŝƚŚ ) ?ŵĞĂŶƐǁŝƚŚK-
ĨĞůĚƐƉĂƌ ?ƚŚĞŽƚŚĞƌǁŝƚŚŽƵƚ “ ?ǁŝƚŚ ) ?ŝƐŽŶůǇĨŽƌƋƵĂƌƚǌ ?/ƚƐŚŽǁƐ that more Si is released in the near-
field in the combined quartz and K-feldspar scenario. However, the Si peak is lower in the far-field 
than that in the quartz-only scenario, due to the predicted precipitation of Si-bearing secondary 
phases such as nontronite. The influence of K-feldspar on pH is evident in Figure 5b. The K-feldspar 
dissolution increases the pH and buffers it at a higher level relative to the quartz-only system. 
Analysis 3 : Influence of quartz, K-feldspar, illite, kaolinite and muscovite 
In this analysis illite (3.7%, (Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)]), muscovite (0.7%, 
KAl2(AlSi3O10)(F,OH)2) and kaolinite (3.5%, Al2Si2O5(OH)4) have been included in the simulation. Other 
minerals present in very low amounts (e.g. phlogopite (0.2%), apatite (0.2%) and TiO2 (0.3%)) have 
been excluded.  
In this scenario, the pore fluid pH increases over time, as in Analysis 2, with the influence of K -
feldspar dissolution (Figure 6a). The pore fluid SiO2 (aq) concentration also increases due to quartz 
ĚŝƐƐŽůƵƚŝŽŶ ? ĂŐĂŝŶ ĨŽƌŵŝŶŐ Ă  “ǁĂǀĞ ? ƚŚĂƚ ƉƌŽƉĂŐĂƚĞƐ ƚŚƌough the rock (Figure 6b), qualitatively 
similar to the behaviour in Analysis 2. The pore fluid AlO2 concentration increases slowly over time 
due to dissolution of K-feldspar (mainly), illite, muscovite and kaolinite (Figure 6c). In this scenario, 
muscovite is a primary mineral, (different from Analysis 2), and significant dissolution of muscovite is 
predicted to occur in the near-field (Figure 6d). Note that Figure 6d shows the volume change of 
muscovite, which only arises from significant dissolution of this mineral phase.  
Potential secondary phases that may form from dissolution of the primary minerals in the rock may 
be deduced from the saturation indices predicted by the numerical model (Figure 6e and 6f, note 
the plots for the near-field are used here for clarity of illustration). Figure 6e shows the saturation 
indices for five major primary phases. Illite is in equilibrium and kaolite is undersaturated in the 
near-field, but these two phases are high temperature phases and unlikely to precipitate at the 
temperature expected in the scenario, which is around 20oC (Kiryukhin et al., 2008). Other secondary 
phases such as albite, nontronite-Ca, nontronite-K, nontronite-Na, clinoptiol, montmor-K, montmor-
Ca, montmor-Na have been considered. The saturation indices for these phases at 10 years is shown 
in Figure 6f.  
The overall porosity still increases over time (Figure 6g) due to the dissolution of quartz (Figure 6h) 
and K-feldspar (Figure 6i). This occurs even though there is precipitation of potential secondary 
phases, which increase in volume and acts to reduce the porosity. The Ca related montmor-Ca, Na 
and K does not precipitate due to the very low concentration of Ca2+ in the initial YCL.  
6. Comparison with observations from the literature  
The above theoretical and numerical analysis provides a deeper understanding of the mineralogical 
and porosity evolution of the high-pH plume breaking through the sandstone within the CDZ over a 
large relevant spatial and temporal scales. The behaviour of the mineral phases predicted in the 
scenarios modelled can be considered further by comparison with the results of experimental and 
modelling studies in the literature. 
This study shows that the pore fluid chemistry, mineralogical phase changes and porosity evolution 
in this generic host rock are very sensitive to changes in the high pH of the waste leachate and that 
the temporal variation in dissolution/precipitation products depends strongly on the primary 
mineral phase composition of the sandstone. The interaction of high-pH cement pore fluids with 
quartzo-feldspathic rock has been investigated in a number of studies (Braney et al., 1993; Savage 
and Rochelle, 1993; Adler et al., 1998; Steefel and Lichtner, 1998; Pfingsten et al., 2006; Soler, 2003), 
with the attention on a few main aspects such as scaling kinetic data for minerals, porosity changes 
with either Ca-bearing fluids and Na- or K-bearing fluids and the influence of matrix diffusion.  
An experimental study of the effects of an alkaline plume on Clashach Sandstone (which has a 
similar mineralogy to the Briomgrove sandstone) was investigated by Braney et al. (1993). The 
Clashach Sandstone (Scotland, U.K.) has a simple mineralogy, dominanted by quartz with minor K-
feldspar, illitic clay and iron oxide component. SEM observations of sandstone samples after 
completion of the experiment identified quartz and K-feldspar dissolution, in agreement with the 
theoretical and numerical predictions presented in this paper. The increasing concentration of Si and 
Al from the dissolution of quartz and K-feldspar, and propagation of these dissolved species in  “wave 
ůŝŬĞ ? form during this phase transformation, which was predicted to occur in the long term and at a 
large scale according to the theoretical and numerical analysis undertaken in the present study, can 
also be observed at very small scale in this published experiment. 
 
The potential secondary phases included in this study were selected from the Toughreact database 
(Xu, 2004; Xu et al., 2006; Kiryukhin et al., 2008). The numeral modelling predicted the formation of 
nontronite-K, with a saturation index close zero. Nontronite-K has been found to precipitate at high 
temperature in high-level nuclear waste disposal experiments (Abrajano et al., 1990; Fontanaud and 
Meunier, 1983), but this is unlikely for the low temperature conditions considered in the scenarios 
evaluated in the present study (Bischoff, 1972). Furthermore, Ca2+-bearing secondary phases, such 
as CSH gel, may precipitate under experimental conditions similar to those modelled in this study 
(Braney et al., 1993), but these were not predicted to form in the sandstone because the 
concentration of Ca2+ in the YCL was very small.  
  
An interesting finding from this theoretical analysis is the predicted increase in host rock porosity 
during permeation with the hyper alkaline leachate. Sydansk (1982) observed a similar feature 
during flushing of sandstone with a hyper alkaline NaOH solution. Silicate mineral dissolution was 
found to be significant under these conditions, with formation of water-soluble silicates, including 
Na orthosilicate and in situ formation of aluminosilicate phases. These mineral changes led to weight 
loss in the sandstone, increased matrix porosity and changes in permeability close to the solution 
inlet. Previous studies using closed system (no-transport) reaction-path models have also confirmed 
porosity increases for Na-K-Ca-OH fluids and decreases for Ca(OH)2 fluids (Savage and Rochelle, 
1993).    
The literature examples above provide convincing support for the observations made from 
independent but converging theoretical and and numerical modelling perspectives in this study. 
Previous experimental studies have evaluated mineralogical transformations in sandstone under 
hyper alkaline conditions at the small (micro to meso)-scale. The results reported here are the first 
to explore the geochemical, physical and phase dissolution/precipitation reactions responsible for 
the combined mineralogical and associated matrix porosity changes that occur in a quartzo-
feldspathic host rock at the field-scale, under conditions mimicking the CDZ that develops as highly 
alkaline K-rich pore fluids migrate from a I/LLW GDF.  
Conclusion 
This paper has examined the effect of hyper alkaline leachate (NaOH/KOH) on the mineralogy and 
porosity of a generic quartzo-feldspathis host rock for intermediate- and low-level nuclear waste 
disposal under conditions which simulate the development of a chemically disturbed zone (CDZ) as 
this leachate composition migrates into the host rock, over a period of up to 10,000 years. By 
considering a range of modelling scenarios with increasing mineralogical complexity of the host rock, 
the analysis has enabled the porosity evolution linked to sequential primary mineral dissolution and 
secondary mineral precipitation to be deduced, based on coupling between these physical and 
geochemical processes. The scenario modelling shows that mineralogical transformations during 
permeation with the high-pH leachate are dominated by dissolution of quartz and feldspar, leading 
to relatively high concentrations of Si and Al (both absent in the leachate) in the pore fluid, which 
migrate as chemical fronts within the CDZ. Other primary aluminosilicate minerals (muscovite) in the 
host rock are also predicted to dissolve in the high-pH leachate along the plume flow path. This 
creates conditions suitable for the precipitation of secondary mineral phases. The modelling 
predicted these secondary phases to include illite, kaolinite and nontronite, but this is unlikely under 
the low temperature (20qC) conditions considered and expected to exist at the field scale. 
Mechanistically, the dissolution of the primary aluminosilicate minerals creates additional porosity in 
the host rock, contributed mostly by the dissolution of K-feldspar and quartz. Mineral dissolution 
(based on mineral volume changes) is most intense and porosity development most significant in the 
near-field zone of the CDZ. This process develops progressively outward through the CDZ along the 
flow path of the high-pH leachate plume, but is eventually buffered by the host rock within 70 m of 
the repository over a simulated 10000 year period. The precipitation of secondary mineral phases 
provides a mechanism to reduce the matrix porosity, but in this case does not fully compensate for 
the increase in matrix porosity resulting from dissolution of the primary aluminosilicates. This 
combined dissolution-precipitation process results in a net increase in matrix porosity of the host-
rock within the CDZ, which may promote increased migration of radionuclides, where other 
mechanisms do not exist to attenuate these contaminants. However, as the chemistry of the hyper-
alkaline plume around the waste container is likely to evolve with time towards more Ca2+-rich 
compositions, as components in the cement barrier dissolve into the groundwater, the porosity 
increase may be a transient feature. This transition in waste leachate composition is expected to 
promote the formation of different secondary minerals, presumed to include CSH gel phases, which 
will affect the matrix porosity to a different extent. Further research is underway to evaluate the 
significance of such Ca2+-rich plumes (which resemble the Easter Spring in the natural analogue in 
Jordan), on the mineralogical and porosity evolution in a generic host rock.  
 Acknowledgement 
The authors acknowledge financial support from NERC in the project BIogeochemical Gradients and 
RADionuclide transport (BIGRAD; Grant Reference NE/H006464/1) for the completion of this work. 
 
References 
Abrajano, T.A., Bates, J.K., Woodi, t.A.B., Bradley, J.P., Bourcier, W.L.: Secondary phase formation 
during nuclear waste-glass dissolution. Clays and Clay Minerals 38(5), 537-548 (1990) 
Adler, M., Mäder, U., Waber, N.: Experiment vs modellingdiffusive and advective interaction of high-
pH solution in argillaceous rock at 30 °C. Min. Mag. 62A, 15-16 (1998) 
Alexander, W.R., Dayal, R., Eagleson, K., Eikenberg, J., Hamilton, E., Linklater, C.M., McKinley, I.G., 
Tweed, C.J.: A natural analogue of high pH cement pore waters from the Maqarin area of 
northern Jordan. II: results of predictive geochemical calculations. Journal of Geochemical 
Exploration 46(1), 133-146 (1992) 
Alexander, W.R., Scott, R.D., MacKenzie, A.B., I.G., M.: Natural analogue studies in crystalline rock: 
the influence of water bearing fractures on radionuclide immobilisation in a crystalline rock 
repository. In:  Nagra Technical Report Series NTB 87-08. Nagra, Wettingen, (1990) 
Appelo, C.A.J., Postma, D.: Geochemistry, Groundwater and Pollution, Second Edition. Science (2010) 
Berner, U.R.: Geochemical modelling of repository systems: limitations of the thermodynamic 
approach. Radiochimica Acta 82, 423 ?428 (1998) 
BISCHOFF, J.L.: A ferroan nontronite from the Red Sea geothermal system. Clays Clay Min.20, 217-
223 (1972) 
Braney, M.C., Haworth, A., Jefferies, N.L., Smith, A.C.: A study of the effects of an alkaline plume 
from a cementitious repository on geological materials. Journal of Contaminant Hydrology 
13 (1), 379-402 (1993). doi:http://dx.doi.org/10.1016/0169-7722(93)90072-Z 
Chen, X., Hicks, M.A.: Unsaturated hydro-mechanical-chemo coupled constitutive model with 
consideration of osmotic flow. Computers and Geotechnics 54, 94-103 (2013). 
doi:http://dx.doi.org/10.1016/j.compgeo.2013.06.001 
Chen, X., Pao, W., Li, X.: Coupled thermo-hydro-mechanical model with consideration of thermal-
osmosis based on modified mixture theory. International Journal of Engineering Science 
64(0), 1-13 (2013). doi:http://dx.doi.org/10.1016/j.ijengsci.2012.12.005 
Claire L. Corkhill, Jonathan W. Bridge, Xiaohui C. Chen, Phil Hillel, Steve F. Thornton, Maria E. 
Romero-Gonzalez, Steven A. Banwart, Hyatt, N.C.: Real-Time Gamma Imaging of Technetium 
Transport through Natural and Engineered Porous Materials for Radioactive Waste Disposal. 
Environ Sci Technol. 47(23), 13857 ?13864 (2013) 
Clark, I.D., Dayal, R., Khoury, H.N.: The Maqarin (Jordan) natural analogue for 14C attenuation in 
cementitious barriers. Waste Management 14(5), 467-477 (1994) 
Côme, N., Chapman, N.A.: Natural analogue working Group. First meeting, Brussels, November, 1985. 
In:  CEC Nuclear Science and Technology Report. EUR 10671, Commission of the European 
Communities. Luxembourg, (1986) 
Fontanaud, A., Meunier, A.: Mineralogical facies of a weathered serpentinized lherzolite from the 
pyrenees, France. Clay Minerals(18), 77-88 (1983) 
Khoury, H.N., Salameh, E., Clark, I.D., Fritz, P., Bajjali, W., Milodowski, A.E., Cave, M.R., Alexander, 
W.R.: A natural analogue of high pH cement pore waters from the Maqarin area of northern 
Jordan. I: introduction to the site. Journal of Geochemical Exploration 46(1), 117-132 (1992) 
Kiryukhin, A.V., Kaymin, E.P., Zakharova, E.V.: Using toughreact to model laboratory tests on the 
interaction of nano3-naoh fluids with sandstone rock at a deep radionuclide repository site. 
Nuclear technology 164(2) (2008) 
Linklater, C.M.: A Natural Analogue Study of Cement-buffered Hyperalkaline Groundwaters and their 
Interaction with a Repository Host Rock,Phase II. In:  Nirex Science  Report S/98/003. (1998) 
Mengel, D.D.: "Fundamentals of Soil Cation Exchange Capacity". Department of Agronomy, Purdue 
University (2011) 
Milodowski, A.E.: The Maqarin Natural Analogue. Royal Society of Chemistry: Chemistry of 
Geological Disposal (2009) 
Nagy, K.L.: Dissolution and precipitation kinetics of sheet silicates. Reviews in Mineralogy and 
Geochemistry 31, 173-233 (1995) 
Neall, F.: Modeling of the Near-Field Chemistry of the SMA Repository at the Wellenberg Site, vol. 
vol. 94-18. PSI Bericht. Paul Scherrer Institut, Villigen, Switzerland (1994a) 
NEALL, F.: Modelling of the near-field chemistry of the SMA repository at the Wellenberg site: 
application of the extended cement degradation model. In:  Nagra Technical Report NTB 94-
03. Nagra, Wettingen, Switzer, (1994b) 
Nirex: Generic post-closure performance assessment. In. Nirex Report N/080,UK Nirex Ltd, (2003) 
Parkhurst, D.L., Appelo, C.A.J.: User's Guide to PHREEQC (Version 2)-A Computer Program for 
Speciation, Batch-Reaction, One-Dimensional Transport, and lnverse Geochemical 
Calculations. http://web.inter.nl.net/users/pyriet/bijlage%206.pdf (2010) 
Pfingsten, W., Paris, B., Soler, J.M., M ⴢ der, U.K.: Tracer and reactive transport modelling of the 
interaction between high-pH fluid and fractured rock: Field and laboratory experiments. 
Journal of Geochemical Exploration 90(1䡕?), 95-113 (2006). 
doi:http://dx.doi.org/10.1016/j.gexplo.2005.09.009 
Savage, D., Noy, D., Mihara, M.: Modelling the interaction of bentonite with hyperalkaline fluids. 
Applied Geochemistry 17(3), 207-223 (2002). doi:http://dx.doi.org/10.1016/S0883-
2927(01)00078-6 
Savage, D., Rochelle, C.A.: Modelling reactions between cement pore fluids and rock: implications for 
porosity change. Journal of Contaminant Hydrology 13(1-4), 365-378 (1993) 
Smith, F.W., Co., A.R.: Ion-Exchange Conditioning of Sandstones for Chemical Flooding. Journal of 
Petroleum Technology 30(6), 959-968 (1978 ) 
Soler, J.M.: Reactive transport modeling of the interaction between a high-pH plume and a fractured 
marl: the case of Wellenberg. Applied Geochemistry 18(10), 1555-1571 (2003). 
doi:http://dx.doi.org/10.1016/S0883-2927(03)00048-9 
Steefel, C.I., Lichtner, P.C.: Multicomponent reactive transport in discrete fractures: II: Infiltration of 
hyperalkaline groundwater at Maqarin, Jordan, a natural analogue site. Journal of Hydrology 
209(1), 200-224 (1998) 
Steefel, C.I., Van Cappellen, P.: A new kinetic approach to modeling water-rock interaction: The role 
of nucleation, precursors, and Ostwald ripening. Geochim. Cosmochim. Acta 54(10), 2657-
2677 (1990). doi:http://dx.doi.org/10.1016/0016-7037(90)90003-4 
Sydansk, R.: Elevated-temperature caustic sandstone interaction  ? implications for improving oil-
recovery. Soc Petrol Eng J 22(4), 453-462 (1982) 
Techer, I., Khoury, H.N., Salameh, E., Rassineux, F., Claude, C., Clauer, N., Pagel, M., Lancelot, J., 
Hamelin, B., Jacquot, E.: Propagation of high-alkaline fluids in an argillaceous formation: 
Case study of the Khushaym Matruk natural analogue (Central Jordan). Journal of 
Geochemical Exploration 90(1), 53-67 (2006) 
Tianfu, X., Eric, S., Nicolas, S., Karsten, P.: TOUGHREACT-A simulation program for non-isothermal 
multiphase reactive geochemical transport in variably saturated geologic media: 
Applications to geothermal injectivity and CO2 geological sequestration. Comput. Geosci. 
32(2), 145-165 (2006). doi:10.1016/j.cageo.2005.06.014 
Weaver, C.E.: Clays, Muds, and Shales (Developments in Sedimentology). (1989) 
Xu, T.: Incorporating Aqueous Reaction Kinetics and Biodegradation into TOUGHREACT: Applying a 
Multiregion Model to Hydrobiogeochemical Transport of Denitrification and Sulfate 
Reduction. Vadose Zone Journal 7(1), 305-315 (2008). doi:10.2136/vzj2006.0130 
Xu, T., Kharaka, Y.K., Doughty, C., Freifeld, B.M., Daley, T.M.: Reactive transport modeling to study 
changes in water chemistry induced by CO2 injection at the Frio-I Brine Pilot. Chemical 
Geology 271(3-4), 153-164 (2010) 
Xu, T., Sonnenthal, E., Spycher, N., Pruess, K.: TOUGHREACT--A simulation program for non-
isothermal multiphase reactive geochemical transport in variably saturated geologic media: 
Applications to geothermal injectivity and CO2 geological sequestration. Computers & 
Geosciences 32(2), 145-165 (2006) 
Xu, T..: TOUGHREACT User's Guide: A Simulation Program for Non-isothermal Multiphase Reactive 
geochemical Transport in Variable Saturated Geologic Media. In., p. Medium: ED; Size: 203 
pages. (2004) 
 
 
Table 1  Composition of sandstone and conceptualization used in numerical model simulations 
Mineralogy Modal composition (%) Modelling approach1 
Quartz  75.5 Modeled (kinetics) 
K-feldspar (KAlSi3O8)  16.0 Modeled (kinetics) 
Albite (NaAlSi3O8)  0.0 Modeled (kinetics) 
Illite/chlorite/Smectite  3.7 Modeled (Illite only, kinetics) 
Kaolinite (Al2Si2O5(OH)4)  3.5 Modeled (kinetics) 
Dolomite  0.0 No 
Calcite  0.0 No 
Muscovite  0.7 Modeled (kinetics) 
Biotite  0.0 No 
Phlogopite  0.2 Not modeled 
Zircon  0.0 No 
Apatite 0.2 Not modeled 
TiO2  0.3 Not modeled 
Ilmenite  0.0 No 
Magnetite  0.0 No 
Fe oxide/oxyhdroxide  0.0 No 
Porosity  18.4 18.4 (modeled) 
Notes 
1. Denotes whether mineral phase is included in model simulations and form of reaction rate used 
 
Table 2. Physical parameters of minerals used in numerical model simulations 
Mineral Volume fraction1 Grain radius (m)2 Surface area (cm2/g mineral)2 
Quartz  75.5 0.001 9.8 
K-feldspar  16.0 0.001 9.8 
Illite 0.037 0.001 151.63 
Muscovite 0.007 0.001 151.63 
Kaolinite 0.035 0.001 151.63 
Albite 0.0 NA NA 
Nontronite-k 0.0 NA NA 
Nontronite-na 0.0 NA NA 
Montmor-ca 0.0 0.001 5000 
Montmor-k 0.0 0.001 5000 
Montmor-na 0.0 0.001 5000 
Notes 
1. From British Geological Survey 
2. From Sonnenthal et al. (2005) and Mukhopadhyay et al. (2009) 
 
Table 3 Dissolution and precipitation of minerals) 
Mineral  
 
Activation 
energy (KJ/mol) 
Rate constant K25 for 
dissolution(mol/m2/s)1 
Rate constant K25 for 
precipitation(mol/m2/s) 
Quartz  87.7 1.023E-14 1.023E-14 
K-feldspar  38 3.89e-13 3.89e-13 
Illite 35 1.66e-13 1.66e-13 
Kaolinite 22.2 6.918E-14 6.918E-14 
Muscovite 35.0 2.4E-13 2.4E-13 
Notes 
1. Precipitation and dissolution rates are assumed to be equal and are taken from Xu (2008), Xu et al. 
(2006), Xu (2004) Xu and Pruess (2001); Xu et al. (2000), Xu et al. (1999) 
  
Figure 1. The Maqarin field site as a natural analogue of a hyper-alkaline plume developed in host rock from groundwater infiltration of the 
cementitious barrier of a repository at a GDF for intermediate-level nuclear waste (from Alexander and Mazurek, 1996) 
 
Figure 2. Conceptual model used in numerical modelling scenario of hyper-alkaline plume and CDZ developed in generic host rock for GDF (see text for 
discussion of input parameters) 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Predicted temporal variation in chemical and physical parameters with distance during migration of Young Cement Leachate through host 
rock composed of quartz only: (a) pH; (b) Na; (c) Si; (d) porosity distribution; (e) quartz volume changes. 
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Figure 4. Predicted temporal variation in chemical and physical parameters with distance during migration of Young Cement Leachate through host 
rock composed of quartz and feldspar: (a) pH; (b) Na; (c) AlO2-; (d) AlO2 in the near-field; (e) K; (f) Si; (g) quartz volume change; (h) overall porosity 
change; (i) overall porosity change in the near-field; (j) K-feldspar volume change; (k) K-feldspar volume change in the near-field  
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Figure 5. Comparison of scenarios for quartz only and quartz with k-feldspar: (a) SiO2; (b) pH 
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Figure 3 AlO2- distribution against distance 
 
Figure 4 Muscovite  volume change against distance 
 
Figure 5 Saturation Index distribution against distance 
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Figure 6. Predicted temporal variation in chemical and physical parameters with distance during migration of Young Cement Leachate through host 
rock composed of quartz, feldspar, illite, kaolinite and muscovite: (a) pH; (b) SiO2; (c) AlO2-; (d) muscovite; (e) saturation indices; (f) saturation indices 
for near-field; (g) porosity; (h) quartz; (i) K-feldspar 
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